Many studies report that copper can be used to control microbial growth, including that of viruses. We determined the rates of copper-mediated inactivation for a wide range of bacteriophages. We used two methods to test the effect of copper on bacteriophage survival. One method involved placing small volumes of bacteriophage lysate on copper and stainless steel coupons. Following exposure, metal coupons were rinsed with lysogeny broth, and the resulting fluid was serially diluted and plated on agar with the corresponding bacterial host. The second method involved adding copper sulfate (CuSO 4 ) to bacteriophage lysates to a final concentration of 5 mM. Aliquots were removed from the mixture, serially diluted, and plated with the appropriate bacterial host. Significant mortality was observed among the double-stranded RNA (dsRNA) bacteriophages ⌽6 and ⌽8, the single-stranded RNA (ssRNA) bacteriophage PP7, the ssDNA bacteriophage ⌽X174, and the dsDNA bacteriophage PM2. However, the dsDNA bacteriophages PRD1, T4, and were relatively unaffected by copper. Interestingly, lipid-containing bacteriophages were most susceptible to copper toxicity. In addition, in the first experimental method, the pattern of bacteriophage ⌽6 survival over time showed a plateau in mortality after lysates dried out. This finding suggests that copper's effect on bacteriophage is mediated by the presence of water.
Although essential in many biological processes, copper has long been known to be toxic in high concentrations, particularly to microbes (5, 9) . Its use in medicine dates back to the Egyptian, Greek, and Roman civilizations. In the 19th and early 20th centuries, copper preparations saw widespread use as antimicrobial agents prior to the discovery of antibiotics. Indeed, numerous studies have demonstrated the strong antimicrobial properties of copper solutions and of dry copper surfaces (9) .
Renewed interest in the use of copper as an antimicrobial agent stems from the rise of antibiotic-resistant bacteria and emerging viruses. In public facilities such as hospitals, schools, and nursing homes, antibiotic-resistant bacteria and viruses are often transferred between hosts via contact with surfaces such as countertops, railings, and doorknobs. Because of this, the application of copper to frequently contacted surfaces in public and commercial facilities has gained much traction (6, 19, 20) .
Despite its clear effectiveness, the mechanisms by which copper inactivates viruses remain opaque. Most reports suggest that virus inactivation is likely to result from the generation of hydrogen peroxide (H 2 O 2 ) and/or reactive oxygen species (ROS) by redox cycling between the different copper species (9, 11, 16, 28, 36) . These molecules are known to damage critical biological molecules, such as DNA (2, 27, 34, 35) , proteins (13, 16, 17) , and phospholipids (23, 31, 33) . Viruses generally consist of nucleic acid (in either single-stranded [ss] or double-stranded [ds] RNA or DNA forms) surrounded by a protein coat. Some viruses also possess a lipid envelope that can be internal or external to the protein coat. We surveyed a broad range of bacteriophages (phages) to determine which molecular components rendered them most susceptible to copper inactivation. Included in our study were ssRNA (PP7), dsRNA (⌽6 and ⌽8), ssDNA (⌽X174), and dsDNA (, T4, PRD1, and PM2) phages. Of these, phages ⌽6, ⌽8, PRD1, and PM2 contain lipid envelopes.
We determined that the non-lipid-containing dsDNA phages were most resistant to copper treatment. The lipid-containing phages, except for PRD1, were highly susceptible to copper. Also susceptible, but to a lesser degree, were the phages containing single-stranded RNA or DNA. These data should assist future studies seeking to determine the molecular targets of copper.
MATERIALS AND METHODS
Growth media. Two types of growth media were used in our experiments: lysogeny broth (LB; sometimes incorrectly referred to as Luria-Bertani broth) (3, 4) and SB broth (8) . LB consists of 10 g Bacto tryptone, 10 g NaCl, and 5 g Bacto yeast extract per liter of water. LB top and bottom agars contained 7 g and 15 g Bacto agar per liter, respectively. SB broth contained 8 g Difco nutrient broth, 26 g NaCl, 12 g MgSO 4 ⅐ 7H 2 O, 1.5 g CaCl 2 ⅐ 6H 2 O, and 0.7 g KCl per liter of water. SB top and bottom agars contained 7 g and 15 g Bacto agar per liter, respectively.
Bacteriophage and bacterial host strains. All bacteriophages used in this study, their host bacteria, and their growth conditions are listed in Table 1 . To obtain phage lysates, one colony of a given host was added to 10 ml of the specified growth medium and cultured for 18 h with rotary shaking (220 rpm). Stationary-phase culture (100 to 200 l) was added to fresh medium along with 1 l frozen phage stock. Following 18 h incubation, phages were purified by filtering culture through 0.22-m filters (Durapore; Millipore, Bedford, MA). Phage particles per milliliter were quantified via serial dilution and determination of titers. Determination of titers consists of adding diluted phage lysate and 100 to 200 l of stationary-phase culture to 3 ml top agar (stored as liquid at 45°C; gels to solid at 25°C), vortexing, and pouring the mixture into a 100-by 15-mm petri dish containing 35 ml bottom agar (10) . Plaques were counted on plates where 30 to 500 plaques were visible and used to estimate the PFU per milliliter of the original lysate by multiplying the number of plaques times the dilution factor.
Experimental procedures. We conducted two types of experiments in our study. In the first type, a total of 24 100-l aliquots of phage ⌽6 lysate were placed on coupons of copper or steel. Previous experiments reported that steel is relatively inert with respect to microbes; thus, it was used as a control in our experiments (21, 35) . After 0, 60, 120, and 180 min, 3 coupons from each treatment were thoroughly rinsed with 1 ml LB, which was collected into sterile reagent reservoirs. The rinsing protocol consisted of holding the coupon over a reagent reservoir with sterile tweezers and repeatedly (5 times) pipetting 1 ml of the LB against the surface of the coupon so that it washed into the reservoir. The validity of this technique was demonstrated by comparing the titer of the source lysate with the titer of lysate placed on a coupon of steel, which was then immediately rinsed off, repeated 5 times. These values were not significantly different, suggesting that Ͼ99.999% of phages were recovered by rinsing (F ϭ 0.160, df ϭ 1, P ϭ 0.6993). It was noted that these 100-l aliquots dried out completely by 60 min. The surviving phages in each replicate were quantified by determining the titers on a Pseudomonas syringae pv. phaseolicola lawn with serial dilution as needed. Preliminary spot titers were used to determine the appropriate dilution factors to visualize 30 to 500 plaques on a lawn.
In the second type of experiment, 5 l of 1 M CuSO 4 solution was added to 1 ml bacteriophage lysates to a final concentration of 5 mM. Control treatments received a similar-volume sham treatment of deionized water. At 60, 120, or 180 min, the lysate was serially diluted (if necessary) and plated on the appropriate host. Plaque counts were used to estimate titers in each sample. Titers at each time point are from independent experiments; i.e., samples were not repeatedly drawn from the same treatment.
RESULTS
Our initial experiments consisted of placing 100 l bacteriophage ⌽6 lysate on coupons of copper or steel. After exposure to the metal for 0, 60, 120, or 180 min (replicated 3 times), coupons were rinsed with 1 ml LB, LB was serially diluted, and titers were determined on a P. syringae pv. phaseolicola lawn. Since aliquots were not repeatedly drawn from the same sample, each measurement of surviving phage is an independent experiment and a repeated-measures analysis was not required. Instead, the resulting data were analyzed using a full factorial, one-way analysis of variance (ANOVA) design. Here, the log 10 titer was the dependent variable, and significance tests were performed for the factors of time, treatment, and their interaction.
The data show that the log 10 phage titer was significantly affected by time (F ϭ 181.093, df ϭ 3, P Ͻ 0.0001), treatment (F ϭ 48.948, df ϭ 1, P Ͻ 0.0001), and their interaction (F ϭ 5.993, df ϭ 3, P Ͻ 0.0076). Closer inspection of the data reveals that both copper and steel treatments showed declines in titers, but only over the first hour of exposure ( Fig. 1 ). Unpaired t tests were used to compare declines in titers over time for copper and steel independently. For copper, significant differences in log 10 titers were observed between time points 0 and 60, 0 and 120, and 0 and 180 min but not between time points 60 and 120, 60 and 180, and 120 and 180 min (statistics given in Table 2 ). Similarly significant but smaller declines were observed for the steel treatment ( Table 2) .
Because steel was intended as a control treatment, these results seemed puzzling until we realized that the 100 l of lysate placed on the coupons dried after 60 min. Therefore, we hypothesize that the phage inactivation observed in the steel treatments was due to desiccation, a known factor in FIG. 1. Bacteriophage ⌽6 inactivation on copper or steel coupons. Log 10 bacteriophage ⌽6 titers (PFUs/ml) are plotted against time (minutes) of exposure to copper or steel. One hundred microliters from a common high-titer lysate was placed on a coupon of either copper or steel (control). At the indicated times, the coupon was rinsed with 1 ml LB broth, and the titer of the rinse was determined on a P. syringae pv. phaseolicola lawn. Each exposure time for each treatment was replicated 3 times. Error bars represent 1 standard errors (SE). The data indicate that most inactivation occurs in the first hour, which coincides with the period when phages are still in solution. After the lysates dried out (ϳ60 min), inactivation is significantly reduced, suggesting that water mediates copper activity. The difference between steel and copper killing is likely due to the effect of copper over that of desiccation. (1, 15) . Moreover, since phage titer did not decline after the sample dried out, we further hypothesize that the presence of water mediates phage inactivation due to copper, at least for the phage ⌽6. Finally, we conclude that the difference in inactivation between the steel treatment and the copper treatment during the first hour of the experiment was due to the effect of copper. Thus, during the first hour, desiccation resulted in a 1-log decline in titers, whereas copper caused a 2-log decline in titers. Once lysates desiccated, no further inactivation was observed (Table 2) . To eliminate desiccation as a factor, we conducted further experiments by adding 1 M copper sulfate (CuSO 4 ) solution to high-titer phage lysates to a final concentration of 5 mM. We found that this treatment had varied effects on different phage strains. For example, the dsDNA phages T4, , and PRD1 were unaffected or slightly affected by copper treatment (Table  3 and Fig. 2 ). In contrast, the dsDNA phage PM2, the dsRNA phages ⌽6 and ⌽8, the ssDNA phage ⌽X174, and the ssRNA phage PP7 all showed steep declines in log 10 titers over time (Table 3 and Fig. 2) . Generally, lipid-containing phages were more susceptible than non-lipid-containing phages, regardless of the type of genetic material they possessed. While dsDNA phages were generally not susceptible to this concentration of CuSO 4 , the lipid-containing dsDNA phage PM2 was highly vulnerable. Three lipid-containing phages (⌽6, ⌽8, and PM2) were inactivated by CuSO 4 , but a fourth lipid-containing phage (PRD1) was not. In addition, phages with single-stranded nucleic acid showed strong susceptibility to copper treatment.
However, further experiments make clear that these differences are due largely to copper sulfate concentrations. In another experiment, log 10 phage titers showed significant declines over time in 20 mM CuSO 4 solution but not in controls (F ϭ 166.609, df ϭ 3, P Ͻ 0.0001) (Fig. 3) . These declines in phage viability at this CuSO 4 concentration were comparable to the responses showed by ⌽X174 at a much lower CuSO 4 concentration.
DISCUSSION
Copper has a long history of usage in sanitary and medical contexts because of its antimicrobial properties (5, 9). However, exactly how copper kills microbes is still a mystery. It has been suggested that copper damages lipids, proteins, and nucleic acids via the production of reactive hydroxyl radicals. In the presence of oxygen, many metals react with water to produce H 2 O 2 (11). Although Grunberg reported that a smaller amount of H 2 O 2 was recovered experimentally from copper treatments than from treatments with other metals (11), it is likely that the H 2 O 2 was then depleted through a Fenton-type reaction to produce reactive hydroxyl radicals (9, 25). Copper can also generate H 2 O 2 by reacting with sulfhydryls, such as cysteine and glutathione. Hydroxyl radicals are well known to damage cellular components via the oxidation of lipids and proteins (17, 37) . Copper can also directly damage cellular components. For example, copper rapidly inactivates the catalytic clusters of dehydratases, a family of enzymes that are critical in central catabolic and biosynthetic pathways (17) . In another study, copper was found to rapidly inactivate HIV protease (16) .
It is clear that copper can cause damage to many biologically critical molecules, but which type of molecule is the primary target of copper toxicity? Although DNA is susceptible to copper fragmentation (35) , it is unlikely to be the primary target, because copper cannot readily access the DNA until after cell death (9, 18, 31, 35) . A second line of thought is that, (24, 26, 32) . Intracellular copper buildup then interferes with biologically critical metabolic pathways, leading to cell death (17) . More recently, it has been proposed that copper directly damages cellular lipid membranes, causing membrane ruptures and the loss of the proton motive force (9, 31, 33) . Evidence supporting this conjecture is that the speed of killing seems to preclude intracellular copper activity (31) . Our experiments using phages removed intracellular damage as a consideration. Most phages consist of a nucleic acid genome surrounded by a protective shell consisting of repeating protein subunits (capsomers). Rarely, a phage may have an envelope consisting of phospholipids. We ascertained whether lipid-containing phages were more sensitive to copper than phages consisting of a protein capsid alone. In addition, we determined the susceptibility to copper of phages containing single-or double-stranded RNA or DNA.
Our first experiments involved placing phage ⌽6 lysate directly on copper or steel (control) coupons and then assaying phage survival. Our results showed that there was a 3-log decline in phage viability following exposure to copper but only a 1-log decline on steel (Fig. 1) . However, this decline was not linear over time; rather, it occurred in the first hour of exposure (Table 2 ). We later realized that our lysates dried out in the first 60 min; thus, it appears that liquid mediates copper killing, at least for phage ⌽6. Given this observation, our interpretation of the results is that two phenomena affected phage survival: desiccation and copper. Desiccation was responsible for a 1-log decline in viability on steel and copper, while copper exposure added an additional 2-log decline in the copper treatments. Because of these results, we concluded that future experiments should be done in aqueous solutions containing copper sulfate.
In subsequent experiments, a broad range of phages were exposed to copper at a concentration of 5 mM, a level previously shown to kill a wide range of microbes (7, 13, 22) . Our results showed that lipid-containing phages were more susceptible to copper than non-lipid-containing phages (Fig. 2 and Table 3 ). The dsDNA phages, and T4, were relatively unaffected by copper treatment, whereas the lipid-containing phages (⌽6, ⌽8, and PM2) showed marked declines over time. The one exception was phage PRD1, but PRD1's lipid membrane is internal to a protective protein coat (30) . How-FIG. 2. Bacteriophage inactivation in 5 mM copper sulfate solution. Log 10 bacteriophage titers (PFUs/ml) are plotted against time (minutes) for eight phage types exposed to either 5 mM copper sulfate or control treatments. In these experiments, 5 l of 1 M CuSO 4 solution was added to 1 ml bacteriophage lysate (replicated at least 3 times per time point). At the appropriate time, lysate was serially diluted and plated on the appropriate host. Plaque counts were used to estimate titers in samples. Titers at each time point are from independent experiments, i.e., samples were not repeatedly drawn from the same treatment. Titers at time 0 represent three or more estimates from an untreated lysate. For ⌽8, no phages were recovered after 60 min of exposure, and the plot is not in error. Error bars are 1 SE. Asterisks mark comparisons where CuSO 4 and control treatment mean bacteriophage titers were found to be not significantly different (P Ͼ 0.05) based on unpaired, two-way Student's t tests. Two non-lipid-containing phages, ⌽X174 and PP7, did not fit the observed pattern and showed considerable mortality, although not quite to the same degree. We note that these phages do not have dsDNA genomes (⌽X174 and PP7 have ssDNA and ssRNA genomes, respectively).
Interestingly, two phages, ⌽6 and ⌽8, both members of the Cystoviridae, showed divergent mortality patterns. ⌽8 showed an almost 8-log decline in 60 min, whereas ⌽6 showed a more modest 4-log decline over 3 h. Although these phages are distantly related to each other among the few Cystoviridae known, they do share a number of similar features, including segmented dsRNA genomes, protein capsid structures, and lipid envelopes. They differ due to membrane structure and highly divergent protein sequences (12) . Anecdotally, ⌽8 is said to be a more fragile phage and requires frequent replenishment of frozen stocks. It would be interesting to determine how differences between the two contribute to differences in copper survival.
Additional experiments were done with the phage in higher concentrations of copper. These experiments showed that this dsDNA phage was indeed sensitive, showing a 4-log decline over several hours. It would seem that most, if not all, viruses are sensitive to copper, at least at high concentrations.
Our results are qualitatively similar to those of other studies of copper-induced virus mortality. Yamamoto et al. were the first to observe phage inactivation by copper when an aliquot of MS2, an ssRNA phage, was left in a metal container (36) . After a short time, Yamamoto et al. were unable to recover viable phage from the container. Subsequent experiments showed an almost 4-log decline in MS2 titers over 3 h, with similar results for another ssRNA phage, f2. An ssDNA phage, S13, was sensitive but not quite to the same degree. The dsDNA phages, T1 and T4, were resistant to copper exposure. Hwang et al. reported similar results for the MS2 phage, but like the Yamamoto experiments, the concentration of Cu 2ϩ ions was not determined, because the assays were done on copper coupons (14) . Sagripanti et al. reported that lipid-containing viruses (⌽6, Junin virus, herpes simplex virus) were more sensitive to copper solutions than non-lipid-containing viruses (T7, ⌽X174) (29) . In addition, the RNA viruses, ⌽6 and Junin virus, were more sensitive than the DNA viruses, T7 and herpes simplex virus. Interestingly, in higher copper concentrations, T7 was also susceptible, much like was in our studies. Another study reported that the enveloped H9N2 influenza virus showed steep declines in viability in copper solutions (13) .
Taken together, our results and those of others show that viruses are sensitive to copper in solution but not to the same degree. Viruses with RNA genomes and lipid envelopes tend to be most sensitive to copper, followed by ssDNA viruses. dsDNA viruses tended to be more resilient, except if they too possessed a lipid envelope. In addition, it seems that the activity of copper against viruses is mediated by the presence of water.
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